This paper presents a simple method for controlling crystalline quality and morphology of InN. A buffer layer of indium oxide is deposited in-situ on Si substrate before growing InN by atmospheric pressure-halide vapour phase epitaxy. Glancing angle X-ray diffraction and scanning electron microscopic studies have been carried out. Buffer layer of indium oxide helps in the growth of indium nitride nanopetals.
INTRODUCTION
Indium nitride is an important semiconductor, which has potentially important applications in optoelectronic devices. The mobility of InN is very high and is insensitive to variation in temperature and doping concentration, which makes it a potential material for use in very high frequency field-effect transistors. [1] [2] [3] [4] Its alloy with Ga (In x Ga 1−x N) is a potentially useful solar cell material as the variation of its band gap with concentration can be used to cover the complete solar spectrum and result in developing high efficiency solar cells and lightemitting diodes. [5] [6] [7] [8] In spite of all the benefits described above, InN has not received much attention as GaN or AlN because of the difficulty in preparing InN. It decomposes at a lower temperature of about 500 C into indium and nitrogen and has a tendency to form oxide rather than nitride. Only a few studies have been reported on the synthesis of indium nitride nanostructures. In some studies, In 2 O 3 has been used as a precursor for synthesizing InN. [9] [10] [11] Luo et al. have synthesized InN nanobelts on the surface of the ceramic boat by the nitridation of In 2 O 3 precursor. 9 Yin et al. have synthesized InN nanotubes using In 2 O 3 as the precursor. 10 Tang et al. have synthesized InN nanowires using the mixture of In + In 2 O 3 on a gold deposited Si substrate. 11 In some studies, InN nanostructures have been grown on Si or sapphire substrates using buffer layers like GaN, AlN, In 2 O 3 etc.
12-14 The two step method of depositing a buffer layer has now become a standard method for the heteroepitaxial growth of InN. This method is commonly used to alleviate lattice mismatch and thermal expansion coefficient difference between the substrate and InN during thin film growth. It has been reported that the lattice mismatch between In 2 O 3 and InN is 2.1% in comparison to a large (8.0%) lattice mismatch between Si and InN. 15 16 In the present study, the role of In 2 
EXPERIMENTAL DETAILS
The growth of indium oxide buffer layer has been carried out in a horizontal tube furnace fitted with quartz tube of 60 mm diameter. As shown in Figure 1 , the precursor InCl 3 · 3H 2 O is taken in a ceramic boat and placed in the heating zone of the furnace. A Si (100) substrate is placed 100 mm downstream from the boat. Si substrate is cleaned by ultrasonification for 120 s using HF and deionized (DI) water in the ratio 1:10, followed by rinsing with DI water and acetone. The furnace is heated till the temperature reaches 450 C. In order to grow In 2 O 3 buffer layer, nitrogen at 80 sccm is used as the carrier gas. In 2 O 3 buffer layer deposition is carried out for 30 minutes. In 2 O 3 coated silicon substrate is then used for the deposition of InN. For the deposition of InN, in addition to nitrogen as carrier gas, ammonia (NH 3 as a source of active nitrogen is also passed over the substrate at a flow rate of 150 sccm.
It may be noted that the ammonia supply is maintained till the furnace temperature is lowered to room temperature. Structural characterization of the deposited layer was carried out using glancing angle X-ray diffraction (GAXRD) with CuK radiation using Philips X'pert PRO system. The diffractogram was recorded by performing slow scan with a step size of 0.01 and a counting time of 2 s at each step. Morphological characterization was done using Scanning Electron Microscope (SEM), Zeiss Evo 40 series. The absence of any deposition shows that a buffer layer is necessary for InN growth. It has been reported that InN film grown on bare Si substrate is of very poor quality. Yamamoto et al. attempted the MOVPE growth of InN on Si substrate. The growth was unsuccessful because of the formation of an amorphous SiN x layer on the substrate surface, as a result of the unintentional nitridation of the substrate surface during the growth. 17 The Si substrate surface becomes nitrided during the growth at low temperature (400 C) resulting in the formation of SiN x at surface and deteriorates the growth of InN film. Therefore in order to grow InN on Si substrate, a buffer layer is required. In one study, Lozano et al. have grown cubic InN layers by molecular beam epitaxy on buffer layers of indium oxide (520 nm thick) prepared onto sapphire substrates. 18 Using TEM they have shown that the intermediate indium oxide layer presents a body centered cubic (bcc) structure, with bcc-In 2 O 3 (001) parallel to Al 2 O 3 (0001). In the study, a zinc-blende phase of InN (001) was grown with a misfit of 1.6%. In the present study, In 2 O 3 has been grown on a bare Si substrate. The In 2 O 3 produced are in the shape of spherical particles. It should be noted that the growth of In 2 O 3 spheres used in this study for the growth of InN nanopetals doesn't depend upon the substrate and therefore this structure can be deposited on other transparent substrates. Thus, the structure of In 2 O 3 (doped for higher conductivity) as a transparent conducting medium; and InN over it can be directly used for device applications.
RESULTS AND DISCUSSION
In Based on the above results and discussion, the growth mechanism of InN nanorods is proposed. Figure 3 shows a schematic diagram of the growth model. In 2 O 3 nanoparticles having spherical shape were grown in the first step (Fig. 3(b) ).
InCl 3 · 3H 2 O reacts with the oxygen present in the tube and forms indium oxide, which gets deposited on the Si substrate.
The following reaction carried out at 450 C in flow of NH 3 and N 2 results in the formation of indium nitride ( Fig. 3(c) )
Thus, nitrogen from the ammonia reacts with indium from INCl 3 and InN is formed over the In 2 O 3 nanoparticles. It is possible that a number of nucleation sites are formed on the In 2 O 3 nanoparticles. Due to the increased temperature and thus due to the presence of excess amount of available indium and nitrogen, InN is grown over In 2 O 3 . The formation of petal-like structures may be due to the In 2 O 3 providing the initial nucleation steps and due to the structure of InN. This is a preliminary explanation; further work is needed to understand the mechanism completely.
Formation of petal like nanostructures allows an infinite potential barrier at the boundaries. Thus, the nanopetal structures can be used in applications where there is a need of a truly two-dimensional structure. There is a possibility that the 2-D structures can have better field emission properties than pseudo 2D or 1-D nanostructures. 20 21 It is expected that 2-D structures will have ballistic transport of electrons, as scattering in one dimension is completely absent. It should be mentioned here that the above mentioned properties will be visible only when the dimension of the nanopetal falls in the quantum confinement regime. In this study, we have shown a method to grow 2D InN nanostructures using In 2 O 3 buffer layer. The growth of In 2 O 3 layers on Si substrate is recent, and further studies are needed for understanding its nature and improving the film quality. The good assembly between InN and In 2 O 3 makes them an excellent candidate to integrate high quality InN layers with high electrical conductivity contacts for devices.
CONCLUSION
InN nanopetals have been synthesized for the first time using atmospheric pressure halide vapor phase epitaxy (AP-HVPE). This was accomplished by depositing a novel buffer layer of indium oxide on silicon substrate. Formation of islands of indium oxide buffer layer is considered to be the main step in the mechanism for the growth of nanopetals. This buffer layer also improved the crystalline quality of indium nitride as has been demonstrated by the XRD analysis.
